Introduction
During the last decades, we have seen an increase in obesity and gestational diabetes (GDM) [1] [2] [3] [4] . Obesity and GDM impact not only on maternal health but seem to influence the long-term outcome of the child, with early weight gain predicting adult obesity and risk of cardiovascular disease later in life [5] [6] [7] [8] . Mechanisms are still partly unknown, but fetal programming has been suggested [9, 10] .
Carotid artery intima-media thickness (IMT), carotid artery stiffness, and arterial pulse wave velocity (PWV) are independently linked to risk of cardiovascular disease (CVD) [11, 12] and are used as surrogate markers to stratify CVD risk in adolescents and adults, but their use in the younger pediatric population is controversial [13] [14] [15] .
Examination of arterial walls in the youngest pediatric age groups using conventional high-resolution ultrasound is limited due to the minute size of the vascular structures [16, 17] . Vascular ultrasound using very-high resolution ultrasound frequencies MHz) provides a means to quantify carotid and muscular artery wall layer thickness in the youngest children [17, 18] . The role of muscular artery IMT and adventitia thickness (AT) as markers of CVD is unknown [19] , but studies suggest a link between increased radial artery IMT and increased CVD risk [20] [21] [22] . To the best of our knowledge, no previous studies have assessed the effect of maternal obesity or GDM on child muscular arteries or muscular artery morphology in relation to CVD risk stratification in early childhood. While multiple studies have covered the subject of child body composition in relation to maternal GDM [8, 10] , there is only limited data on relations between body composition, BP, blood glucose and lipids, and arterial structure and function in children of GDM and/or obese mothers.
The aim of this study was to assess the transgenerational impact of maternal obesity and GDM on arterial morphology and function in early childhood. We further evaluated associations between child anthropometrics, body composition, BP, blood glucose and lipids with arterial size and function.
Patients and methods

Study setting
The Finnish Gestational Diabetes Prevention Study (RADIEL) is a randomized controlled multi-center intervention trial set to investigate the effect of a lifestyle intervention for the prevention of GDM. Women in early pregnancy or planning pregnancy with increased risk of GDM due to BMI ≥30 kg/m 2 or history of GDM, were prospectively recruited between 2008 and 2012. The subjects were randomized into an intervention group, with intensified structured diet and exercise counselling, or a control group receiving usual care. The study protocol and short term maternal results of the intervention have previously been published [23, 24] . This is an observational follow up-study on a subcohort of RADIEL including 201 mother-child pairs (111 boys, 55%), at an average of 6.1 (0.5 SD) years from delivery ( Fig. 1 ), assessed between June 2015 and May 2017. Maternal and child body anthropometrics, composition, BP, carotid and peripheral artery ultrasound, arterial pulse wave velocity and blood work were assessed. There were no significant effects of RADIEL intervention observed in the subcohort. The local research ethics board and the hospital approved the study. Informed written consent was obtained from the mothers.
Maternal gestational characteristics and definition of GDM
Maternal characteristics were gathered during separate study visits during all trimesters of pregnancy. Information on anthropometrics, socioeconomics and nutrition was prospectively collected and blood work performed during repeat assessments. GDM was diagnosed according to the Finnish guidelines, using a 75 g 2 h oral glucose tolerance test, defined as fasting glucose > 5.3 mmol/l, 1 h glucose > 10.0 mmol/l or 2 h glucose > 8.6 mmol/l. Dietary treatment was commenced directly at GDM diagnosis, and if morning glucose values exceeded 5.5 mmol/l or 1 h postprandial values exceeded 7.8 mmol/l repeatedly, then pharmacological treatment was added [25, 26] .
Vascular ultrasound
Very-high resolution ultrasound images were obtained by one skilled investigator (TS) using 25, 35 and 55 MHz transducers with the Vevo 770 system, and using UHF22, UHF48 and UHF70 transducers (similar center frequencies) with the Vevo MD system (VisualSonics, Toronto, Canada) for the final 52 mother-child pairs. Images were acquired bilaterally from common carotid and femoral arteries, and from right radial and brachial arteries in the children using 35/55 MHz and UHF48/70 transducers. The carotid artery was imaged 1 cm proximal to the carotid bulb, the radial artery 1 cm proximal to the palma manus, the brachial artery 3 cm proximal to the cubital skin fold and the femoral artery at the inguinal fold 1 cm proximal to the bifurcation into deep and superficial branches. High quality cine images covering 3-4 cardiac cycles were acquired using the highest frequency able to visualize the far-wall. The images were analyzed offline using Vevo 3.0.0 (Vevo 770) and VevoLab (Vevo MD) software with manual electronic calipers [17] . Lumen diameter (LD) and intima media-thickness (IMT) were assessed for all arteries. Intima-media-adventitia thickness (IMAT) was assessed, and adventitia thickness (AT) calculated as the difference between IMAT and IMT, for the muscular radial, brachial and femoral arteries. All dimensions were measured using the leading-edge technique in end-diastole by one experienced observer (JKMS) blinded to subject characteristics. Repeat measurements were independently performed on a subset of images (N = 10) by both primary observer (JKMS) to assess intra-observer variability and by a second observer (TS) to assess inter-observer variability. Intra-observer coefficients of variations (CV) ranged 1.2-2.9% for LD, 6.9-9.1% for IMT, 3.4-4.8% for IMAT and 7.6-12.5% for AT and inter-observer CV ranged 1.5-4.6% for LD, 6.0-8.2% for IMT, 3.5-5.7% for IMAT and 5.9-12.4% for AT for the different arteries. Z-scores for vascular dimensions adjusted for age and sex were calculated using reference values for healthy Caucasian non-obese children [27] .
Carotid lumen diameter was measured in peak systole and enddiastole to assess carotid artery Beta-stiffness index (CBSI) and carotid artery distensibility coefficient (CDC). Systolic and diastolic BP for elastic property calculations were recorded during ultrasound imaging in supine position from the right arm with oscillometry (Dinamap ProCare 200, GE) using appropriate sized cuffs. CDC and CBSI were calculated from the carotid artery using the formulas:
BPS BPD
Where CCALAS and CCALAD is common carotid artery lumen area in systole and diastole respectively, CCALDS and CCALDD is common carotid artery lumen diameter in systole and diastole respectively, and BPS and BPD is systolic and diastolic BP [28] . Intra-observer CV was 5.4% for CDC and 5.9% for CBSI, and inter-observer CV was 11.9% for CDC and 12.8% for CBSI.
Pulse wave velocity
Pulse wave velocity (PWV) was measured by a trained research nurse to assess regional arterial stiffness using mechanosensors (Complior Analyse, Alam Medical, Saint-Quentin-Fallavier, France) at rest in supine position [29] . Sensors were set at the right carotid, right radial and right femoral arteries to assess central (right carotid-femoral) and peripheral (right carotid-radial) transit times. The direct distance between recording sites were measured using a tape measure to the nearest 0.1 cm. The distance was multiplied by 0.8 and subsequently used in PWV calculations. Repeat recordings were performed in supine position. Two recordings were obtained with a third recording performed in the setting of a higher than 0.5 m/s (10%) difference between measurements. In the setting of more than two measurements the results with the lowest tolerance values were used in analyses, tolerance being a quality parameter to quantify variability in pulse waves during recording. The mean of at least two measurements was used in final analyses. PWV was measurable in 168 children. The coefficient of variation (CV) for repeat measurements were 3.5% for carotid-femoral PWV and 4.8% for carotid-radial PWV (N = 55).
Blood pressure and blood work
BP was assessed according to NHBPEP 4th report guidelines [30] using three repeat oscillometric measurements (Omron, M6W BP monitor -device, Omron HealthCare Europe, Hoofddorp, Netherlands) at rest in sitting position, using the mean of the two lowest readings. A difference of < 5 mmHg between measures was deemed appropriate. Zscores were generated using the 4th report reference. [30] .
Blood samples were taken by a trained laboratory technician after fasting. Fasting plasma glucose (fP-gluk) was determined using enzymatic hexokinase assay (Roche diagnostics, Basel, Switzerland), Low density lipoprotein (LDL), high density lipoprotein (HDL), triglycerides (TG) and total cholesterol were determined using enzymatic assays, and glycated hemoglobin (HbA1c) was determined using immunoturbidimetric analyzer. The homeostasis model assessment of insulin resistance (HOMA-IR) was calculated (fasting insulin concentration (mU/ l) x fasting glucose concentration (mmol/l))/22.5) [31] .
Anthropometrics and body composition
Maternal height and weight was monitored during pregnancy and body composition, in addition, assessed in mothers and children at the 6-year follow up. An electronic stadiometer (Seca gmbh & co. kg, Hamburg, Germany) was used to measure height to the nearest 0.1 cm. Weight was assessed using an electronic scale (Seca 770, Seca gmbh & co. kg) to the nearest 0.1 kg. Hip and waist circumference were measured with a tape measure to the nearest 0.5 cm. Body surface area (BSA) was calculated using the Mosteller formula [32] . Z-scores for child height and BMI were derived using the recent Finnish growth charts reference population [33] . Overweight and obesity was defined using IOTF criteria [34] and compared to previously published data on Finnish children of a similar age group [35] .
Body composition was measured using bioelectrical impedance analysis (Inbody 720, Inbody Bldg., Seoul, South Korea), with a median time difference of 1,0 year (range −0,05 to +2,32) from the cardiovascular assessment. Bioimpedance measurements have previously been shown to be highly correlated with dual energy x-ray absorptiometry in adults, but a systematic bias has been reported, with an underestimation of body fat percentage in children [36, 37] . To overcome the issue with methodology and time difference between measurements in growing children a previously validated estimation based on age, sex, height and BMI z-scores at the time of imaging was applied for the children in vascular analyses [38] .
To check the agreement between equation predicted and bioimpedance derived lean body mass (LBM) we found a strong correlation between predicted LBM and bioimpedance derived LBM (r = 0,951), but with bioimpedance measurements systematically overestimating LBM with a mean difference 2.77 kg (SD 0.74). After correcting for this bias, the interclass correlation between calculated and measured values was high (ICC = 0.944) indicating excellent agreement. Measured bioimpedance derived values were used for mothers. Body fat percentage was calculated as (weight -LBM)/weight. Data are presented as mean and standard deviation or as count and percentage. All continuous variables were assessed for normal distributions. GDM positive and negative groups were compared with the independent t-test. Subgroups (GDM negative, GDM positive nonmedicated, GDM positive medicated as well as groups stratified by maternal obesity/GDM and child overweight/maternal obesity) were analyzed with the one-way ANOVA and post hoc analysis using Tukey's HSD. Simple univariate correlations were first used to explore associations with vascular parameters.
Multiple linear regression models were used to assess the total effect of maternal pregestational BMI on vascular parameters, adjusted for child sex and age.
Multiple linear regression and ANCOVA models were used to assess total effects of GDM on vascular parameters using different parameters for GDM, i.e. GDM-diagnosis, GDM class (1. GDM negative 2. unmedicated GDM and 3. medicated GDM) and 1st, 2nd, and 3rd trimester fasting glucose, 1 h and 2 h OGTT results, and HOMA-IR and adjusted for pregestational BMI as well as either child age and sex or a propensity score included as a covariate in the model. The propensity score was estimated for GDM based on child age, sex, height, weight, BSA, BMI, lean body mass, fat percentage, systolic and diastolic blood pressure. PWV-measurements were further adjusted for heart rate and mean arterial pressure as appropriate [39] . Three mothers with missing information on GDM were excluded from analyses. Statistical analyses were performed with SPSS IBM version 24 and STATA MP 15.1.
Results
Maternal and gestational characteristics
Maternal characteristics are presented in Supplemental Table 1 . The women had a pregestational BMI of 30.7 ± 5.6 kg/m 2 (N = 125/201 with ≥30 kg/m 2 ). GDM was diagnosed in 96/201 mothers (47,8%), and 36 mothers (17.9%) with GDM were medicated orally (metformin) or with insulin during gestation. GDM mothers had higher fasting and OGTT glucose values in both the 1st and 2nd trimester. As the spectrum of GDM is broad, ranging from mildly elevated glucose values to its more severe forms, we performed subanalyses on subjects with medicated GDM. The nonmedicated GDM showed only slightly increased glucose values compared to the non-GDM group, while the medicated GDM group had more prominently increased fasting glucose values in the 1st and 2nd trimester (Supplemental Table 1 ). There was no difference in maternal anthropometrics, body composition or BP in relation to GDM status at follow up. Mothers diagnosed with GDM were more likely to have been diagnosed with GDM in a previous pregnancy and gained less weight during pregnancy (Data not shown).
Child characteristics
Characteristics of the children are presented in Table 1 . Children from mothers with medicated GDM had a slightly higher waist-to-hip ratio, but no other significant differences between groups were seen in anthropometrics, body composition or BP. Child BMI and BP were higher than the reference population for all groups. There was a higher incidence of overweight (ISO-BMI 25-30) in both boys (19.8% vs. 7.3%, p < 0.001) and girls (24.4% vs. 13.4%, p = 0.002) compared to a reference population. The incidence of obesity (ISO-BMI > 30) was higher among boys (5.4% vs. 2.5%, p = 0.05), but not among girls (4.3% vs. 4.4%, p = 0.95) compared to a reference population [35] . LBM was higher, fat mass lower and body fat percentage lower in boys compared to girls (all p < 0.001), but no significant sex difference was seen in BMI and BP values (absolute and z-scores).
Child vascular parameters
Comparison between groups and reference populations
Results on child arterial dimensions and function stratified for GDM are presented in Supplemental Table 2 . There were no statistically significant differences between groups for any parameters. Radial artery LD (z-score: mean 0.16, SD 0.77, p = 0.005) and IMT (z-score: mean 0.17, SD 1.14, p = 0.034) and carotid IMT (z-score: mean 0.16, SD 0.75, p = 0.003) were thicker, and carotid LD (z-score: mean −0.33, SD 0.82, p < 0.001) was slightly lower compared to the reference population. There was no statistically significant difference in carotid IMT or carotid artery elasticity when comparing groups of nonobese, obese non-GDM and GDM mothers as well non-overweight, overweight offspring with non-obese and obese mothers, although a weak trend for decreasing elasticity was observed with clustering of maternal obesity, GDM and child overweight (Supplemental Table 3 ).
Univariate analysis of vascular parameters
Univariate associations between maternal gestational adiposity, child sex, age, anthropometrics, body composition, BP, blood glucose and lipids, and arterial dimensions and function were explored with simple correlations (Supplemental Tables 4 and 5 ). Radial artery LD, brachial artery and femoral artery LD, IMT, and AT correlated with multiple parameters of body size (height, BMI, BSA, waist circumference) and composition (LBM and fat mass). No significant correlation was seen between vascular dimensions and body fat percentage, BP, blood glucose or blood lipids. Radial artery, brachial artery and femoral artery IMT was thicker and femoral artery LD larger in boys compared to girls (all p < 0.001). Only femoral artery AT correlated with maternal pregestational BMI. Carotid LD was correlated with multiple parameters of body size (height, BMI, BSA) and composition (LBM and fat mass) (Supplemental Tables 4 and 5 ). However, no significant association between sex, body size, composition, BP and carotid IMT was found.
No significant associations between CDC, CBSI, carotid-radial PWV, or carotid-femoral PWV and child sex, body anthropometrics, body composition, blood lipids or glucose was seen ( Supplemental Tables 4  and 5 ). However, CBSI correlated with maternal first and second trimester fasting glucose (r = 0.221, p = 0.003; r = 0.250, p = 0.002, Fig. 2 ). CDC correlated with maternal first trimester insulin resistance index (HOMA-IR: r = −0.180, p = 0.016), and first and second trimester fasting glucose (r = −0.246, p = 0.001; r = −0.248, p = 0.002, Fig. 2 ). Similar statistically significant associations were not found between blood glucose and child PWV (Supplemental Table 6 ).
Regression and ANCOVA models
Multiple linear regression and ANCOVA models were used to assess total effects of maternal GDM and maternal pregestational BMI on vascular dimensions and function in the offspring. Maternal pregestational BMI was an independent predictor for femoral AT only (Table 2 . Model 1). Multiple linear regression and ANCOVA models including GDM diagnosis, GDM-class, 1 h and 2 h OGTT, or HOMA-IR as covariates did not predict any of the vascular parameters. Both CDC and CBSI were predicted by 1st and 2nd trimester fasting glucose (Table 2 . Model 2-5).
Further linear regression models including child age, sex, LBM, body fat percentage were used to evaluate impact of offspring adiposity on vascular dimensions and function. Significant findings are presented in Table 3 . The model was not able to significantly predict carotid dimensions, carotid elasticity, brachial and radial artery AT, or PWV. Child body fat percentage was associated with femoral AT and inversely related to radial IMT, whereas LBM and male sex were positively associated with most vascular dimensions. Age was inversely related to vascular dimensions in models including LBM. This suggests that age has a suppressing effect on LBM as a predictor for these vascular parameters, i.e. children with a faster growth during early childhood have increased vascular dimension.
Discussion
The aim of this study was to investigate the impact of maternal obesity and GDM on offspring vascular morphology and function in early childhood. Additionally, we explored the vascular relations with child anthropometrics, body composition, BP, blood glucose and lipids. We found very limited effects of maternal pregestational BMI (femoral AT only). Most conclusive predictions for arterial dimensions were child lean body mass and male sex, whereas the association with child body fat percentage was limited, suggesting that arterial dimensions are mainly attributed to body growth in line with findings previously shown in infants [40] . A similar relation of vascular dimensions to body size has been shown in early childhood when comparing preterm children with children of normal birth weight [41] . Surprisingly, child carotid IMT was unrelated to child body-size, adiposity or BP in this young homogenous age group. This is partly in line with findings in adolescents were BP, but not adiposity, was shown to be related to carotid IMT [42] . Finally, no effects of the maternal lifestyle intervention to prevent GDM was observed on offspring cardiovascular measures in early childhood. Nevertheless, there was a weak positive association between local carotid artery stiffness parameters and maternal fasting glucose during the first and second trimester. This association was significant after adjustments for maternal pregestational BMI, and similar trends were found for measurements of insulin-resistance, suggesting an impact of the gestational hyperglycemic milieu on the arterial function. A similar pattern was not, however, seen in regional measurements of arterial stiffness using PWV or in arterial morphology, but these represent a different spectrum of risk for CVD. The effects of GDM on arterial stiffness have previously been studied in adolescence, showing a relationship between hyperinsulinemia and aortic augmentation pressure but not with PWV [43] . It is speculative to say that these findings imply early changes of the vascular tree suggesting increased risk of CVD later in life. Further studies with longer follow-up are needed to verify these findings.
We were unable to show a GDM related difference in child body anthropometrics and body composition, but this early childhood cohort born to mothers with significant obesity had increased BMI, BP, and carotid IMT compared to a healthy reference population. This clustering of CVD risk factors in our cohort of children from obese mothers suggests an increased risk of developing CVD later in life. This is in-line with previous studies in the field showing that maternal obesity is in fact related with adverse CVD outcomes in the child, mainly related to lifestyle and genetics [44, 45] , whereas the effects of GDM per se have remained controversial [46, 47] . These results suggest that children born to mothers with significant obesity follow a different growth trajectory, which is reflected in their arterial morphology.
The study is limited by the cohort being recruited as a population with high risk for GDM, with either previous GDM or a BMI ≥30, thus it does not represent the average population, limiting the generalizability of the results to lean populations with GDM. No control population was included, but we matched the reference populations as close as possible to our methods and sample preferring contemporary Finnish population data. Our carotid artery stiffness measurements are limited due to the use of brachial BP in the calculations. However, brachial BP was highly correlated with the estimated carotid BP (r > 0.95; data available in a subset only), suggesting that brachial BP derived carotid stiffness analyses within our young homogeneous study group reflects true local stiffness. Another limitation is that we do not have any information on the fathers and their potential impact on cardiovascular risk. A clinically relevant difference between GDM groups was challenging to be defined a priori and due to the longitudinal design of the RADIEL study that sample size of this cardiovascular subcohort was estimated to be large enough to enable an extended follow-up beyond 6 years. A post hoc analysis provided a power of 0.8 to detect a difference of 0.5 SD corresponding to a small 6-10% difference in wall layer thickness or arterial stiffness parameter between groups at a α-level of 0.01. On the other hand, as the groups are highly similar, except with respect to GDM diagnosis, we can draw firm conclusions regarding the lack of an effect of GDM on early vascular morphology in children. The study is strengthened by the prospective design, the large and homogenous sample size and comprehensive assessment of background information, making significant confounding regarding GDM unlikely.
Conclusion
We found no difference in arterial morphology and function between children of obese GDM and non-GDM mothers in early childhood. There was a weak association between maternal gestational fasting glucose and increased carotid artery stiffness in the offspring. Arterial dimensions were mainly related to sex and different parameters of body size, but not with adiposity of the child or mother. The children had a higher BMI, BP and increased carotid IMT compared to a healthy reference population, but independent of the exposure to GDM, suggesting a transgenerational impact of maternal obesity on the child, potentially increasing cardiovascular risk long-term. Significant multiple linear regression models to assess total effect of maternal pregestational BMI, adjusted for child age and sex and total effect of maternal GDM adjusted for child age, sex and maternal pregestational BMI. 
